We studied 18 a-chloralose-anesthetized dogs to determine if a-adrenergic coronary vasoconstriction occurs with hindlimb static exercise. Exercise was elicited by spinal cord ventral nerve root stimulation. Regional coronary blood flow was determined by the radioactive microsphere method. Animals were studied under four experimental conditions: control rest and static exercise, rest and static exercise after /?-adrenergic blockade with propranolol (2 mg/kg), rest and exercise after a-adrenergic blockade with phentolamine (.35 mg/kg), and rest and exercise after combined a-and /?adrenergic blockade. Myocardial oxygen consumption during exercise was determined during control and during a-adrenergic blockade conditions. Control hindlimb static exercise resulted in significant increases in systolic (10.6%) and diastolic (12.5%) arterial pressures, heart rate (12.2%), and double product (24.6%). Associated with the increased demand for oxygen, myocardial oxygen consumption increased (33.6%) as did left ventricular myocardial flow (29.6%). However, left ventricular coronary vascular resistance was unchanged during static exercise. After /?-adrenergic blockade, systolic (12.2%) and diastolic (11.6%) arterial pressures and double product (10.7%) still increased significantly, but heart rate did not change with static exercise. In contrast, a-adrenergic vasoconstriction was unmasked as left (LV) and right (RV) ventricular myocardial blood flow decreased (LV: -30.0%, RV: -25.0%) and coronary vascular resistance increased (LV: 52.5%, RV: 45.3%) with static exercise. Combined a-and y3-adrenergic blockade abolished the reduction in myocardial blood flow and the increase in coronary vascular resistance which occurred with static exercise after /3-adrenergic blockade. These data suggest that, during static exercise, reflexes from skeletal muscles can cause a-adrenergic coronary artery vasoconstriction.
IT has been demonstrated in both animals and humans that static (isometric) exercise produces significant increases in arterial blood pressure, heart rate, and the contractile state of the myocardium (Coote et al, 1971; McCloskey and Mitchell, 1972; Fisher and Nutter, 1974; Mitchell et al., 1977; Crayton et al., 1979) . Studies in anesthetized dogs in which static hindlimb contraction was elicited by spinal cord ventral root stimulation have shown additionally that there is an increase in cardiac output and a marked change in its distribution with induced static exercise (Crayton et al., 1979) . Of particular interest is the finding that myocardial blood flow to both left and right ventricles remains near control levels during these hindlimb contractions despite an increased myocardial oxygen consumption, as evidenced by an increased double product of systolic arterial pressure and heart rate (Crayton et al., 1979) . A number of animals in these latter studies actually exhibited decreases in myocardial flow with exercise, a response that was abolished by section of the corresponding spinal dorsal roots. As a result of these findings, the possibility of reflex a-adrenergic coronary vasoconstriction was investigated during hindlimb static exercise before and after /3-and a-adrenergic blockade and during combined /?-and a-adrenergic blockade.
Methods

Surgical Preparation
Eighteen mongrel dogs (15-22 kg) were anesthetized initially with sodium thiopental (35 mg/kg, iv) and maintained with a 10% a-chloralose solution in polyethylene glycol (40-30 mg/kg, iv) . An endotracheal tube was inserted and the animals were ventilated with room air. An end-expiratory pressure of 3-5 cm H 2 O was maintained under a water seal to prevent atelectasis after thoracotomy. Arterial blood gases were monitored and the respirator was adjusted to maintain arterial oxygen saturation over 90% and Pco 2 at 35-45 mm Hg. Intravenous sodium bicarbonate was given as necessary to maintain arterial pH between 7.35 and 7.45. Arterial blood gases were measured by a blood gas analyzer (Instruments Laboratory, model IL 313) and an oxygen content analyzer (Lex-O 2 -Con, Lexington Instruments Corp.). Arterial blood pressure was measured via a brachial artery catheter inserted into the subclavian artery and connected to a fluid-filled Statham transducer (model P23 ID). Heart rate was measured in some experiments by a cardiotachometer and in others from an ECG, counting beats over a 15-second period. Tracings of blood pressure and heart rate were recorded on a thermal stylus recorder (Hewlett-Packard) or a Mingograf 800, Elema-Schonader chart recorder. In seven animals, a coronary sinus catheter was positioned fluoroscopically at least 2 cm inside the ostium for effluent sampling.
A left thoracotomy was performed through the 4th intercostal space and a catheter with a multipleport tip was placed in the left atrium through a pulmonary vein to inject radioactive microspheres. A lumbar laminectomy was performed, and the ventral spinal nerve roots L4-L5 on the left were exposed carefully, isolated with sutures, and sectioned close to their exit from the spinal cord. Distal portions of the severed nerve roots were placed across bipolar Ag/AgCl stimulating electrodes. A pool of mineral oil at 37°C prevented drying and maintained viability of the nerve preparation. A Grass Instruments (model S4) stimulator was used to determine the motor threshold of the hindlimb muscles innervated by the corresponding sectioned ventral nerve roots. Hindlimb static exercise was induced by a cathodal stimulus of 2-msec duration, 40 Hz, and 5-10 times motor threshold voltage. The animals were fixed with a modified Eccles Canberra frame at the hips and at the L 2 vertebra posterior spinous processes and raised above the operating table to ensure immobility of the spine. The exercising hindlimb also was fixed to prevent movement during hindlimb contraction.
Myocardial Blood Flow Measurement
Myocardial blood flows (QM) were measured by the distribution of 8-10 jiim (for transmural measurement) or 25-/xm radioactive microspheres injected into the left atrium according to the method of Rudolph and Heymann (1967) . Microspheres labeled with 125 I, 141 Ce, 85 Sr, and 46 Sc were obtained from the Nuclear Products Division of the 3M Company. The microspheres were agitated by a vortex stirrer and a 1-ml suspension containing approximately one million microspheres was injected over a 15-second period into the left atrium and flushed with 15 ml of normal saline at 37°C. The microspheres were injected during rest and after 30 seconds of static exercise. The injection sequence of isotopes was randomized. The reference sampling method described by Archie et al. (1973) was employed with arterial blood samples collected from the brachial artery at a withdrawal rate of 15 ml/min. Blood was collected sequentially into four vials by continuous withdrawal for 30 seconds each for a total of 2 minutes after injection. The animals were killed at the conclusion of the experiments, and the hearts and both kidneys were removed for scintillation counting. The hearts were dissected along the atrioventricular junction, and tissue above this area as well as any epicardial fat was discarded. The remaining tissue included the left and right ventricular free walls and the interventricular septum. For determination of transmural myocardial flow, the entire left ventricular free wall was dissected into three portions: the innermost and outermost one-quarter portions were designated the endocardial and epicardial layers, respectively, and the remaining one-half, the mid-portion, was designated the mid-myocardial layer. Only the dogs that received the 8-to 10-/tm microspheres had transmural flow determinations. The interventricular septum also was dissected into two portions: a left ventricular portion comprising two-thirds of the total mass and a remaining one-third, the right ventricular portion. The left and right kidneys also were removed and weighed. Tissue for counting was weighed to the nearest 0.1 g and placed in vials for scintillation counting. The minimum weight of each sample counted was 3 g. Each vial was counted for 5 minutes in a y-scintillation counter with a pulse height analyzer (512/1024 multichannel analyzer, model 25601, 25605, Nuclear-Chicago). Organ flows were calculated in the manner described by Rudolph and Heymann (1967) . Right and left renal flows were not significantly different during all protocols, thereby demonstrating adequate mixing.
Protocols
Although a total of 18 animals were studied during the four protocols, each animal underwent a maximum of only two protocols. This situation was necessitated by the availability (at this institution) of only four microsphere isotopes which could be used for two rest and two exercise periods.
In 15 animals, systolic arterial blood pressure (SAP), mean arterial pressure (MAP), diastolic arterial pressure (DAP), heart rate (HR), and double product (HR X SAP/100) changes from the control (unblocked) resting state to static exercise were studied. In 11 of the 15 control animals, left ventricular myocardial blood flows were measured and coronary vascular resistances (MAP/Q M ) calculated during control and static exercise periods. In seven of these 15 animals, coronary sinus effluent pH, PCO2, P02, O 2 saturation, hematocrit, and oxygen content were determined. Left ventricular oxygen consumption was calculated as the product of left ventricular myocardial blood flow times the difference between systemic arterial and coronary sinus oxygen contents.
In 15 animals in which control studies were performed, seven were studied further after a-adrenergic blockade with phentolamine (Regitine, Ciba-Geigy), 0.35 mg/kg. The adequacy of blockade was Results are expressed as mean ± SE. Ex = exercise, SAP = systolic arterial pressure, MAP = mean arterial pressure, DAP = diastolic arterial pressure, HR = heart rate.
'P < 0.001, fP < 0.005 comparing rest to exercise (Ex) periods.
confirmed by demonstrating a significant reduction in the pressor response to the a receptor agonist, phenylephrine (0.1 mg/kg). In this group, coronary sinus blood gases and pH, as well as left ventricular myocardial flows and coronary vascular resistances, were studied duringrest and exercise periods.
In 11 animals, the hemodynamic response to hindlimb static contraction, the regional myocardial blood flow, and the coronary vascular resistance changes from rest to exercise were studied after fiadrenergic blockade with propranolol (Inderal, Ayerst Laboratories), 2 mg/kg intravenously administered over a 10-to 15-minute period. The adequacy of blockade was tested by injecting the /? receptor agonist, isoproterenol (0.1 jug/kg).
After completion of studies with /S-adrenergic blockade, a-adrenergic blockade was superimposed in seven animals by the intravenous administration of phentolamine, 0.35 mg/kg. After a 15-minute equilibration period, changes in hemodynamic variables, in regional myocardial blood flow, and in coronary vascular resistance were re-examined during rest and static exercise periods after combined a-and yS-adrenergic blockade.
Statistical Methods
Statistical analysis was accomplished using Student's paired f-test (two-tailed) to compare the rest period to the exercise period for each protocol. Qualitative comparisons were made between the protocols based upon whether a parameter was significantly altered from rest to exercise. Results are expressed as mean values with standard errors.
The values were felt to reflect significant non-random variation at P < 0.05, although borderline changes were noted at 0.05 < P < 0.1.
Results
Control Hindlimb Static Exercise
In 18 dogs, there were significant increases in systolic blood pressure (10.6%), mean arterial pressure (11.2%), diastolic blood pressure (12.5%), heart rate (12.2%), and in double product (24.6%) during hindlimb exercise (Table 1) . Concomitant with the hemodynamic changes in seven animals, there were significant increases in LV oxygen consumption (33.6%) and in coronary sinus effluent Pco 2 (11.4%) during static exercise (Table 2) . Concurrently, similar decreases in coronary sinus venous oxygen content were observed.
Although myocardial blood flow increased slightly (P < 0.01) and resistance decreased slightly but insignificantly with exercise (Table 3) , four of 11 animals exhibited either an insignificant change or an actual decrease in myocardial blood flow with exercise ( Fig. 1 ). In addition, left ventricular coronary vascular resistance remained unchanged or increased in six of 11 animals with static exercise.
Hindlimb Static Exercise after a-Adrenergic Blockade
Systolic, mean, and diastolic arterial pressures, heart rate, and double product did not change significantly with exercise after a-adrenergic blockade in seven animals (Table 1) . No significant change Results are expressed as mean ± SE. LV-Vo, = left ventricular oxygen consumption, CS-Co, = coronary sinus oxygen content, CS-Po, = coronary sinus partial pressure of oxygen, CS-Pco, = coronary sinus partial pressure of carbon dioxide, CS-pH = coronary sinus pH.
'P < 0.01, fP < 0.02, :LP < 0.025, §P < 0.05 comparing rest to exercise (Ex) periods. in left ventricular oxygen consumption or in coronary sinus venous oxygen content was demonstrated comparing rest to exercise (Table 2) . Left ventricular myocardial flow and coronary vascular resistance likewise demonstrated no change (Table  3) .
UNBLOCKED HINDLIMB ISOMETRIC EXERCISE
Hindlimb Static Exercise after /?-Adrenergic Blockade
In 11 dogs, significant increases in systolic (12.2%), mean (11.6%), and diastolic (11.6%) blood pressures and in double product (10.7%) were observed during exercise after yS-adrenergic blockade ( Table 1) . The increase in blood pressure was not significantly different between the control group and the /S-adrenergic blocked group. Heart rate did not exhibit a significant change with exercise after /8-adrenergic blockade.
Left and right ventricular myocardial flows decreased significantly (LV: -30.0%, RV: -25.0%), and coronary vascular resistances in both ventricles increased significantly (LV: 52.5%, RV: 45.3%) during exercise after /?-adrenergic blockade ( Table 4 ). The left and right sides of the interventricular septum demonstrated similar trends in myocardial blood flow and in coronary vascular resistance although the differences were of borderline statistical significance. In seven dogs, regional myocardial blood flows to epicardial, endocardial, and midmyocardial layers of the left ventricular wall were studied during exercise after /?-adrenergic blockade ( Table 5 ). Compared to the whole group in which total myocardial flow was determined, this subgroup of seven animals demonstrated a similar decrease in LV coronary flow of -36.9% and increase in LV coronary vascular resistance of 54.0%. Regional blood flows to the endocardial, epicardial, and mid-myocardial layers of both ventricles largely reflected the decrease in myocardial blood flow observed after /?-adrenergic blockade in the seven dogs during exercise. Similarly, coronary vascular resistances in these same regions exhibited increases with exercise after yS-adrenergic blockade.
Hindlimb Static Exercise after Combined aand /?-Adrenergic Blockade
No significant change was observed in systolic, mean, and diastolic blood pressures, heart rate, or double product in seven animals during exercise after combined a-and /8-adrenergic blockade (Table  1) . At the same time, myocardial blood flow to both ventricles and to the septum remained unchanged comparing rest to exercise periods (Table 4 ). Coronary vascular resistance in these same regions also Results are expressed as mean ± SE. LV-Q M = left ventricular free wall myocardial blood flow, LV-R = left ventricular free wall myocardial vascular resistance, RV-Q M = right ventricular free wall myocardial blood flow, RV-R = right ventricular free wall myocardial vascular resistance.
*P < 0.005, fP < 0.10 comparing rest to exercise (Ex) period. demonstrated no change with exercise. Similarly, regional blood flows to endocardial, epicardial, and mid-myocardial layers did not exhibit a change with combined adrenergic blocked exercise; no significant change in coronary vascular resistance in these areas was noted (Table 4 ).
Discussion
The present data demonstrate that induced static exericse causes reflex coronary vasoconstriction. This reflex increase in vasomotor tone was unmasked by /J-adrenergic blockade with propranolol. The efferent mechanism for the increase in vascular resistance was activation of the sympathetic nervous system, since blockade with phentolamine abolished the resistance changes with exercise.
The physiological importance of autonomic constrictor nerves in regulating coronary blood flow was largely discounted in early studies of the coronary circulation. Thus, the initial coronary vasoconstrictor effects from sympathetic stimulation were thought to be minimal and completely reversed by the effect of local metabolites during increased myocardial activity (Berne et al., 1965) . More recently, however, studies have suggested that neural influences may significantly affect the coronary vasculature. For instance, sympathetic stimulation from the stellate ganglion has been shown to limit coronary reactive hyperemia by a-adrenergic vasoconstriction (Schwartz and Stone, 1977) : Also, coronary vasoconstrictor mechanisms have proven to be capable of competing with metabolic vasodilation Results are expressed as mean ± SE. LV = left ventricle, RV = right ventricle, QM = myocardial blood flow, R : myocardial vascular resistance.
" P < 0.02, iP < 0.025, %P < 0.05, §0.05 < P < 0.10 comparing rest to exercise (Ex) periods. even during large increases in myocardial metabolism from intracoronary epinephrine infusion or carotid sinus hypotension (Feigl, 1974; Mohrman and Feigl, 1978) . These neural vasoconstrictor influences have been estimated to restrict by about one third increases in coronary blood flow related to metabolism (Mohrman and Feigl, 1978) . Additionally, the diameter of the interventricular branch of the left coronary artery in dogs has been demonstrated to decrease by an a-adrenergic vasoconstrictor mechanism during stellate ganglion stimulation (Gerova et al., 1979) . Preliminary studies in the conscious dog have revealed a tonic a-adrenergic constriction of coronary arteries that limits the coronary vasodilation induced by submaximal treadmill exercise . Even during maximal dynamic exercise in dogs, investigators have reported an a-adrenergic attenuation of coronary flow (Murray and Vatner, 1979) . In humans, the cold pressor test, a stimulus that produces generalized systemic arterial vasoconstriction, increases coronary vascular resistance by aadrenergic vasoconstriction in patients with symptomatic coronary artery disease despite increases in myocardial oxygen demand (Mudge et al., 1976 (Mudge et al., , 1979 . Investigators also have reported a decrease in mean myocardial blood flow with static handgrip exercise in patients with coronary disease who experience angina during exercise (Lowe et al., 1975) . Patients without coronary disease or with disease but with no symptoms of angina during exercise increase their coronary flow with static exercise (Lowe et al., 1975) .
Cardiovascular reflexes during static exercise are known to originate from the central nervous system, i.e., central command (Goodwin et al., 1972) , as well as from the statically exercising muscles (Mc-Closkey and Mitchell, 1972; Mitchell et al., 1977; Crayton et al., 1979) . Previous studies have not distinguished a central from a peripheral origin of the a-adrenergic coronary vasoconstrictor reflex. In this regard, the present study indicates that, during static exercise, coronary vasoconstriction may originate as a reflex from the exercising muscle since the dogs were anesthetized and unconscious of any exercise activity. However, this study does not rule out the possibility that central command may also alter coronary vascular resistance through a neural mechanism. Previous studies seeking to define the origin of the coronary vasoconstrictor reflex have not reached a uniform conclusion. Thus, although in some studies stimulation of the sciatic or tibial nerves of dogs has not caused significant direct coronary vasoconstrictor activity (Johannsen et al., 1979; Kline, 1979) , another study demonstrated an increase in coronary resistance (Wickliffe et al., 1975) . Stimulation of the large type II and III afferent nerve fibers with low voltages and frequencies elicits a depressor response (Mitchell et al., 1968; Coote and Perez-Gonzalez, 1970) , whereas stimulation of the finely myelinated (type III) or unmyelinated (type IV) afferent nerve fibers with high voltages and frequencies causes a pressor reflex (Mc-Closkey and Mitchell, 1972) . Therefore, depending upon the voltage and frequency of the somatic nerve stimulation, it is possible to obtain either a depressor (i.e., vasodilator) or a pressor (i.e., vasoconstrictor) response. These factors may account for some of the variability of myocardial flow and resistance responses observed in previous studies. However, the present study does not suffer from these difficulties since it employed ventral rootinduced static exercise.
The decrease in myocardial blood flow and increase in coronary vascular resistance during static exercise were reflected in the mid-myocardium and epicardium. The changes in the endocardial flow were not significant, although the trend was to decrease flow. The difference in flow responses between the endocardium and epicardium may relate to the lower oxygen tensions in the endocardium compared to the epicardium (Winbury et al., 1971) . Thus, lower oxygen tensions promoting metabolic vasodilation in the endocardium may compete with the neurogenic vasoconstriction. The present results differ from the finding that a left stellectomy increases left ventricular endocardial-to-epicardial flow ratios during reactive hyperemia by removing a-adrenergic constrictor tone to intramural vessels (Schwartz and Stone, 1977) . Also, a-adrenergic-mediated vasoconstriction in large epicardial coronary vessels has been shown to be similar to that observed in the total coronary vascular bed, further suggesting that significant vasoconstrictor activity resides distal to the epicardial surface (Kelley and Feigl, 1978) . Both studies demonstrating vasoconstriction in the inner myocardial layers were performed with little change in heart rate or blood pressure. However, as shown in the present study, during static exercise a heart rate and particularly a blood pressure change occurs and increases the metabolic activity of the heart. In this situation, the relatively more hypoxemic endocardium may demonstrate less vasomotor activity than the epicardium and promote a situation found in the present study where blood flow is redistributed toward the inner layers of the heart.
Several factors known to affect the coronary resistance are independent of a-adrenergic neural influences. As elaborated by Mohrman and Feigl (1978) , these include perfusion pressure, systolic compression, other forms of neural control and metabolic control. In the present study, the changes in perfusion pressure were not significantly different comparing the change during exercise in the control to the /3-adrenergic blocked animals. Thus, a decrease in flow, rather than an alteration in perfusion pressure, increased the coronary vascular resistance during exercise after /^-blockade in contrast to the VOL. 48, No. 4, APRIL 1981 lack of a resistance change before blockade.
Systolic extravascular compression is felt to reflect forces related to blood pressure and heart rate (Sabiston and Gregg, 1957) . In the present study, the blood pressure increased by a similar amount (actually, slightly less) and heart rate did not increase as much during exercise after yS-adrenergic. blockade compared to control animals. This suggests that the exercise-induced compressive forces were, if anything, less after /^-blockade than before.
Both parasympathetic and /? 2 -adrenergic sympathetic coronary receptor stimulation may produce vasodilation (Feigl, 1969; Hamilton and Feigl, 1976) . However, parasympathetic tone is almost absent in these preparations (Crayton et al., 1979) . Further, propranolol is a /?i-and yS 2 -receptor antagonist so that these receptors probably had no influence on the resistance changes observed.
In agreement with previous acute experiments using anesthetized animals, systolic and diastolic arterial pressures and heart rate increased significantly during static exercise (Coote et al., 1971; McCloskey and Mitchell, 1972; Fisher and Nutter, 1974; Mitchell et al., 1977; Crayton et al., 1979) . Consistent with other studies, /S-adrenergic blockade prevented the tachycardia and a-adrenergic blockade abolished the pressor response during static exercise (MacDonald et al., 1966; Martin et al., 1974; Crayton et al., 1979) . Further, a-adrenergic blockade not only prevented the pressor response but also abolished the tachycardia. This effect may have been caused by the hypotension created by removal of systemic vascular tone which reflexly raised the resting heart rate and prevented a further small increase during exercise from being manifested. This conclusion is supported in previous work from this and other institutions (Vatner et al., 1970; Crayton et al., 1979) demonstrating that the degree of elevation of heart rate during a stress is proportional to the baseline level.
The increase in arterial pressure and heart rate during static exercise increases myocardial oxygen consumption (Nelson et al., 1974) . Therefore, the double product of systolic pressure and heart rate closely parallels myocardial oxygen demands in upright dynamic exercise (Kitamura et al., 1972) . In the present study, increases in the double product were noted for control and /3-adrenergic blockade conditions. To verify the relationship of the double product to myocardial oxygen consumption during static exercise, the latter was demonstrated to increase in a subset of unblocked dogs studied for this purpose. Although oxygen consumption was not measured during exercise after /?-adrenergic blockade, it probably increased, since the double product increased. The superimposition of a-adrenergic blockade upon /?-adrenergic blockade prevented any increase in myocardial oxygen consumption during exercise since the double product remained unchanged from control levels. The experiment with a-receptor blockade alone confirms this conclusion.
In conclusion, the present investigation describes reflexes from the statically exercising skeletal muscle in dogs. It has been demonstrated that, after /?adrenergic blockade, left ventricular flow decreased and left ventricular vascular resistance increased. Although the skeletal muscle was the source for this reflex coronary vasoconstriction, the present study does not eliminate the possibility that central command also may initiate a similar reflex. The efferent mechanism of this reflex coronary alteration was mediated through the sympathetic nervous system. In the unblocked situation, myocardial flow increased slightly but resistance did not decrease significantly during static exercise, despite an increase in the oxygen demands. Therefore, this study suggests that a-adrenergic coronary vasoconstriction occurs during static exercise.
